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Accurate Frequency of the 119 um Methanol Laser
from Tunable Far-Infrared Absorption
Spectroscopy

M. INGUSCIO, L. R. ZINK, K. M. EVENSON, anp D. A. JENNINGS

Abstract—We report on high accuracy absorption spectroscopy of
CH;OH in the far infrared. In addition to 22 transitions in the ground
state, we have measured the frequency of the (n, 7, J, K), (0, 1, 16,
8) — (0, 2, 15, 7) transition in the »¢ excited vibrational level, which
is responsible for the laser emission at 119 ym. The measured fre-
quency is 2 522 782.57(10) MHz at ‘‘zero pressure,”’ with a pressure
shift of 6.1(32) kHz /Pa (0.805(420) MHz /torr). An accurate remea-
surement of the laser emission frequency has also been performed, and
the results are in good agreement.

INTRODUCTION

OLLOWING the invention of the optically pumped

far-infrared (FIR) laser in 1970 [1], over 1000 CW
FIR laser lines have been discovered. These lasers have
found wide applications in several fields of physics:
atomic and molecular spectroscopy, astrophysics, and
metrology. The most powerful line yet discovered is the
119 pm line of methanol, and it is also the most widely
used in the many applications of far-infrared lasers. Many
of these applications are possible because of the very good
fractional frequency reproducibility (about + 2 X 1077)
displayed by the optically pumped lasers. A survey of the
measured frequencies and the techniques of frequency
measurement was recently reported [2] together with a
discussion of accuracies and limitations.

The uncertainty in the frequency reproducibility of the
free running laser is mainly determined by the resettabil-
ity of its frequency to the maximum (center) of the gain
curve. For well-designed apparatus and careful measure-
ments, the frequency reproducibility can be of the order
of two parts in 10’. However, in a few cases, measure-
ments of the frequency of the same laser line in different
laboratories have differed by more than the stated uncer-
tainties. Possible causes of these differences are shifts or
asymmetries introduced in the gain curve by pump laser
detunings or saturation effects in the pump transition, and
mode or line competition affecting the shape of the gain
curve, thus leading to erroneous determination of the line
center. Pressure shifts have been demonstrated to be in-
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significant [3] in the range of operation of these lasers if
careful measurement procedures are followed.

In most cases knowledge of the accurate molecular
transition frequencies from independent spectroscopic
data is not available because alternative sources for high
resolution, high accuracy spectroscopy in the FIR were
not available until recently. As a consequence, the mo-
lecular transition frequency had to be inferred from mea-
surements of the laser output. An accurate value of the
molecular transition frequency is also a valuable help in
assigning the various lines.

Harmonic generation and mixing techniques are now
used to generate tunable radiation in the FIR [4] and are
employed in several spectrometers. In the experiments to
be described, difference frequency generation in a metal-
insulator-metal (MIM) diode irradiated by two CO, lasers
[5] allows nearly complete coverage of the region from
50 um to 1 mm with frequency accuracies of a few parts
in 10%. The purpose of this paper is to report on the ap-
plication of this spectroscopic technique to the measure-
ment of methanol transitions, including a measurement of
the rotational transition at 119 pm in the excited vibra-
tional state. A deviation from the previously measured
frequency of the laser was observed; as a consequence, a
remeasurement of the frequency of the laser was per-
formed in order to investigate causes of the difference and
to improve the accuracy.

EXPERIMENTAL DETAILS

In the present paper two different experimental appa-
ratus were used. The first was the tunable far-infrared
(TuFIR) spectrometer [S] necessary for the measurement
of absorption transitions in ground and excited vibrational
states of CH;0OH. The second apparatus used a CH;0H
optically pumped laser with transverse pumping used for
the remeasurement of the frequency of the 119 pum laser
radiation.

In the TuFIR spectrometer, two drive lasers, CO, laser
I and a CO, waveguide laser, are combined on a beam
splitter and then focused onto a MIM diode, in which the
FIR radiation is generated. Laser I is frequency modu-
lated; thus, following lock-in detection the FIR radiation
is also frequency modulated, and the derivative of the ab-
sorption signal is observed. A third CO, laser (laser II) is
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used to control the frequency of the waveguide laser by
using a frequency offset lock. Both CO, lasers I and II are
frequency stabilized using the saturated fluorescence tech-
nique [6]. Optoacoustic modulators operating at 90 MHz
are used to isolate the lasers from the MIM diode and to
provide an additional 180 MHz of tunability. The accu-
racy of the FIR frequency generated is 35 kHz, with a
spectral purity of about 10 kHz, making the source ideal
for high resolution FIR spectroscopy. After a single pass
through a Pyrex absorption cell (55 cm long and 19 cm in
diameter), the radiation is detected with a liquid helium
cooled germanium bolometer. CH;OH gas pressure in the
sealed absorption cell was measured by a calibrated ca-
pacitance manometer.

The optically pumped FIR laser is pumped nearly trans-
versely and is similar to that used in the most recent laser
magnetic resonance spectrometer [7]; however, it does not
have a beam splitter. We mention here the main features.
The resonator is an open structure with two spherical gold
coated end mirrors. The gain cell is pumped transversely
by a grating tuned CO, laser. A good overlap between
pump and FIR is accomplished in a nearly confocal ge-
ometry with the use of a cylindrical copper tube as the
CO, reflector. The CO, beam entering the tube at 75°
with respect to the laser axis is cylindrically refocused
with every reflection from the copper wall. Invar spacers
are used in the resonator to provide good thermal stabil-
ity. The output coupling is obtained from a 45°, 6 mm
diameter, copper mirror which can be slid towards the
center for increased coupling [7]. Single mode is obtained
by means of an intracavity adjustable iris. The FIR laser
frequency is measured by heterodyning the laser output
with the radiation from the two CO, lasers used in the
TuFIR spectrometer, in a point contact diode [8].

EXPERIMENTAL RESULTS
A. Absorption Spectroscopy

The transition frequencies in the ground state of CH;OH
were measured first. Generally, the gas pressure was cho-
sen in order to optimize the signal-to-noise ratio (that is,
at a value in which the collisional broadening is nearly
equal to the Doppler broadening). The results are sum-
marized in Table I. The assignment of the observed tran-
sitions can be deduced from the analysis of the Fourier
transform spectra [9], [10]. The present frequency values
can be used for the calibration of Fourier transform spec-
troscopy (FTS) recordings. FTS1 data are from [9], while
FTS2 are from a more recent and more accurate recording
[10]. The accuracy of FTS2 values is demonstrated to be
a few times 10 *cm™!. Some of the observed transitions
show asymmetry type transitions. The TuFIR recording
allows the resolution of the K splitting, unresolved in the
FTS measurements, and makes possible a careful rein-
vestigation of the asymmetry splitting in methanol [11].

For some of the transitions we have performed the mea-
surements at different pressures to investigate pressure
broadening and shifts. For instance, for line 2 in Table I
we explored a pressure region up to about 50 Pa, and the
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TABLE 1
LisT oF SOME OF THE CH3;0H GROUND STATE ABSORPTION LINES OBSERVED
BY THE TUNABLE FAR-INFRARED SPECTROMETER. FOR REFERENCE, THE LESS
ACCURATE DATA FROM FOURIER TRANSFORM SPECTRA ARE ALSO REPORTED

TUFIR MEASUREMENTS FTS1 FIT FTS2
(nHz) (cm-1) (cm-1) {em-1) tem=-1)

1) 912 108.568( 50) 30.4246669(16) 30.4244 30.4251

2) 999 416.100¢ 50) 33.3369624(17) 33.3371 33.3368

3) 1 154 173.612¢ 50) 38.4990877(17)

38. 4992
4) 1 154 185.212( SO) 38.4994746(17)
38. 5002
57 1 154 198.677( 30) 38.4999237(17) 38. 4986

6) 1 154 226.377( S0) 38.5008477(17) 38. 5007
7) 1 156 219.245(150) 38.5673226(50)

38.5661 38.5661 38. 56729
8) 1 1%6 225.006(150) 38.5675148(50)

9) 1 191 948.650( S0) 39.7591273(17) 39.7594 39.7%93 39. 75888

10) 1 193 712.271¢(100) 39.8179554(34) 39.8174 39.81775
11) 1 350 197.368¢ 50) 45.0377363(17) 4S. 0386
12) 1 350 277.975( 50) 45.0404231(¢17) 45.0401 45. 04096

]

13) 1 350 315.008( 50) 45.0416604(17)

14) 2 444 957.467( S0) 81.5550025(17) 81.5539 81.5548 81.55474

-

15) 2 445 388.911( S0) 81.5693939(17) 81.5682 81.5691 81.56912
16) 2 447 941.161( 50) 81.6545278(17) 81.6531 81.6542
17) 2 473 572.735( S0) 82.5095051(17) 82. 50942

82.5111
18) 2 473 607.960(500) 82.510680 (17)

19) 2 5S04 420.116(100) 83.5384630(34)
83.5362 8a3. 5382
20) 2 S04 428.416(100) 83.5387340(34)

21) 2 551 161.010¢ SO) 8S5.0975714(17)
85,0975
22) 2 551 173.316¢ S0) 85.0979819(17)

1984
1986

FTS 1 Fourier Transform, IROE,
FTS 2 Fourier Tranesform, IROE, Florence,
FIT Computed from the Fit of FTS 1

Florence,

results are shown in Fig. 1. Since the Doppler broadening
of the transition is about 2.5 MHz, collisional broadening
can be considered to be predominant only for pressure
values of a few tens of pascals. As a consequence, we
have fit the experimental data using the expression given
in [12, case b)], and obtained for the broadening param-
eter a value of 268[25] kHz /Pa (FWHM), in good agree-
ment with the value 271 kHz /Pa, computed using An-
derson’s model [13].

The precision of the center frequency measurements
(£50 kHz uncertainty ) makes possible an investigation
of the pressure shift even though it is rather small, about
2% of the linewidth. By fitting the data of Fig. 2 we ob-
tain a positive frequency shift of 4.1(4) kHz /Pa (0.540
MHz /torr). To our knowledge this is the first measure-
ment of a pressure shift on a CH;OH transition.

Encouraged by the optimum signal-to-noise ratio in the
absorption measurements in the ground state, we decided
to perform measurements in the vibrational excited state.
A typical experimental recording is shown in Fig. 3 for
the »s = 1 transition at 118.8 um (84.15 cm ~'). This
transition, measured here in absorption, is particularly
important because it is responsible for one of the most
important FIR laser lines. The signal-to-noise ratio is
worse than that of the measurements in the ground state,
because of the reduction of the population to ~ 1%, yield-
ing a somewhat larger uncertainty in the center frequency
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Fig. 1. Pressure broadening of CH;OH ground state transition at 999 416.1
MHz (line 2 in Table I).
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Fig. 2. Pressure shift of the same transition of Fig. 1.
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Fig. 3. Experimental recording of the absorption at 118.8 um in the
CH;0H »s = 1 excited vibrational state. The gas pressure was 10 Pa.

determination ( + 100 kHz). The Doppler effect at this fre-
quency is the predominant cause of broadening, neverthe-
less, we could investigate the effect of collisions both on
the width and on the center frequency. We performed
measurements from 4 to 60 Pa and the results are shown
in Fig. 4. The experimental data were analyzed again
using [12, case b)]. The measured pressure broadening
parameter (FWHM) is 226(22) kHz /Pa (30 MHz /torr).
This is in good agreement with the computed value of 221
kHz /Pa from [13].

In almost the same range of pressure we carefully mea-
sured the center frequency, and the results are plotted in
Fig. 5. Here the spread in the measurements is somewhat
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Fig. 4. Pressure broadening of the transition at 118.8 um.

MHz
I

CENTER ABSORPTION FREQUENCY,

522782.2 | | | ]

30 40

~

10 20
CH30H PRESSURE, Pa

Fig. 5. Pressure shift of the 118.8 um transition as directly measured in
absorption.

larger than for measurements in the ground state (Fig.2).
Nevertheless it has been possible to extract a pressure shift
value, of +6.1(32) kHz /Pa (0.80(40) MHz /torr). Also,
in this case, the theoretical prediction of +4.5 kHz/Pa
(13) is in good agreement. To the best of our knowledge,
this is the first extension of Anderson’s model to such a
high frequency, and the pressure broadening and shift
measurements indicate the applicability of this model in
the FIR. With limitation to the pressure broadening, the
model has also recently been successfully appplied to FIR
transitions of atmospheric interest in the OH radical [14].

The correctness of the model is important in evaluating
shifts of transitions for which direct measurements are not
available. For instance, the pressure shift of the CH;OH
lasing transition at 170.6 um has been the subject of some
controversy, with one group claiming a 112 kHz /Pa (15
MHz /torr) shift [15] and another observing a negligible
shift [3]. In the present paper we have attempted to make
the same direct measurements on the 170 um line as the
119 um line; however, accurate measurements were pre-
vented by the occurrence of a nearby strong absorption
originating from a ground state transition (about 10 MHz
higher in frequency). On the other hand, since the 170.6
um transition has the same upper level as the 119 pm tran-
sition, shifts similiar to those of the 119 pum line are ex-
pected. Anderson’s model in fact predicts [13] a small
shift of 4.5 kHz /Pa (600 KHz /torr) for the 170.6 um
line, in support of measurements in [3].

The frequency of the 119 um transition extrapolated to
‘‘zero pressure’’ is 2 522 782.567 (65) MHz and is con-
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sistent with the value 2 522 781.6 (12) MHz reported in
the original measurement [8] of the longitudinally pumped
laser output. The uncertainty interval of that laser mea-
surement is 5 X 10 ~’. In comparison, we have found the
reproducibility of transversely pumped FIR lasers to be
about 2 X 1077, This is confirmed in the measurement by
Blaney et al. [16], who obtained a value of 2 522 782.0
(7) MHz using a transversely pumped FIR laser. A com-
parison of that laser frequency with the present TuFIR
measured frequency is illustrated in Fig. 6.

The frequencies of methanol of the 119 um line cannot
be computed a priori to an accuracy better than the laser
frequency measurement. However, recent measurements
were reported in the excited v; state of CH;F [17], but in
that case the frequency was lower than 1 THz and the
molecular constants [18] are very precise for that mole-
cule and the transition frequency can be computed with
much better accuracy than the laser output measurement.

The high frequency (2.5 THz) implies large Doppler
shifts, which easily can cause misleading asymmetries in
the laser gain curve. In addition this laser line is one of
the strongest, and shifts from the molecular center fre-
quency could also be caused by Raman effects or multi-
mode operation of the laser. As a consequence of these
considerations, we decided to repeat the laser frequency
measurement.

B. Laser Output Frequency Measurements

As we have discussed in the experimental apparatus
section, the FIR laser consisted of an open, nearly con-
focal resonator which easily allows single TEMgy, mode
operation with the aid of the intracavity iris. Furthermore,
the transverse, multireflection optical pumping scheme
avoids Doppler tuning or splitting effects, even in this
short wavelength region. To measure the frequency, the
FIR laser output was mixed in the MIM diode with the
same pair of CO, laser emissions used to synthesize the
FIR radiation in the TuFIR apparatus ( > CO,, 9R22 and
CO,, 10P14). The synthesized frequency is
2 522 798.258 (30) MHz and a heterodyne signal with the
FIR laser was observed on the spectrum analyzer at a fre-
quency of about 16 MHz. The beat note was recorded
with more than 60 dB signal-to-noise ratio, with a diode
impedance of about 350 Q, typical for this diode [19]. The
entire tuning curve could be recorded by means of micro-
metric scanning one of the end mirrors. The tuning range
depended on the pressure of operation of the FIR laser and
varied from about 1 to 10 MHz. A portion of the tuning
curve recorded in these conditions is shown in Fig. 7 (a).
As widely discussed in [3], for each of the several mea-
surements that we have performed only the centers of
symmetric curves were used. The center frequency was
then determined with the aid of a synthesizer generated
frequency marker, as shown in Fig. 7 (b). When the in-
tracavity iris was not reduced in order to avoid multimode
operation, the center of the curve could be shifted more
than 1 MHz. This is consistent with similar results re-
ported in [20]. We have repeated the center frequency
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Fig. 6. Comparison of the frequency measurements reported for the
CH,OH transition at 118.8 um. The higher accuracy of the present mea-
surement from the laser output mainly originates from the use of a trans-
verse optical pumping scheme. The direct absorption measurement yields
a value accurate to better than one part in 107
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Fig. 7. New measurement of the CH;OH 118.8 um frequency using the
laser. In (a) the symmetric tuning curve chosen for the measurement is
shown. In (b), the beat note from mixing the laser output with two CO,
lasers is shown. The recording in (a) is obtained by scanning the FIR
cavity and storing the maximum heterodyne signal.

measurement under optimized conditions and at a pres-
sure of 30 Pa, obtaining a frequency value of
2 522 782.464(220) MHz (two standard deviations). Re-
peating the same procedure for different pressures in the
range 11-40 Pa, we observed maximum frequency differ-
ences of about 300 kHz which is consistent with the
TuFIR absorption spectroscopy measurements of the fre-
quency shifts shown in Fig. 5.

The frequency of the laser output now determined un-
der controlled and optimized conditions of operations is
accurate to +2 X 1077 and is in agreement with the pre-
cise value obtained from TuFIR absorption spectroscopy.
The spread of the frequency values at different pressures
of operation is constrained within a few hundred kHz and
the reproducibility of the measurements is well within two
parts in 10”. Improper operation of the laser can increase
the uncertainty. We think that the previous frequency
measurement [8] was affected by the longitudinal pump-
ing scheme used in that apparatus; however, it was in
agreement within the reported uncertainty, +5 X 1077
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CONCLUSION

In conclusion, we have demonstrated that tunable far-
infrared spectroscopy ( TuFIRS) is a powerful technique
for precise measurements of transitions of polyatomic
molecules, including excited levels. We obtained pres-
sure broadening and pressure shift coefficients of metha-
nol at FIR frequencies.

The direct absorption frequency measurement of the
CH,OH lasing transition at 118.8 pm has demonstrated a
new measurement technique: the frequency of an opti-
cally pumped lasing transition in the THz region can be
precisely measured from absorption spectroscopy. The di-
rect absorption and laser output frequency measurements
for such lasing lines yield an insignificant pressure shift
and indicate a reproducibility (one sigma) of these laser
frequencies of about 2 X 1077,

REFERENCES

[1] T. Y. Chang and T. J. Bridges, ‘‘Laser action at 452, 496, and 541
um in optically pumped CH;F,”” Opt. Commun., vol. 1, pp. 423~
426, 1970.

[2] M. Inguscio, G. Moruzzi, K. M. Evenson, and D. A. Jennings, ‘A
review of frequency measurements of optically pumped lasers from
0.1 to 8 THz,”’ J. Appl. Phys., vol. 60, pp. R161-R192 (Reviews),
1986.

[3] M. Inguscio and K. M. Evenson, *‘Pressure effects in the frequency

of continuous-wave optically pumped far-infrared lasers,”” Opt. Lert.,

vol. 9, pp. 443-444, 1984.

See for instance: K. M. Evenson, D. A. Jennings, K. R. Leopold,

and L. R. Zink, ‘*Tunable far-infrared spectroscopy,’’ in Laser Spec-

troscopy VII, T. W. Haensch and Y. R. Shen Eds. New York:

Springer-Verlag, 1985, pp. 366-370, and references therein.

[5] K. M. Evenson, D. A. Jennings, and F. R. Petersen, ‘*Tunable far-

infrared spectroscopy.”” Appl. Phys. Lem., vol. 44, pp. 576-578,

1984.

C. Freed and A. Javan, ‘‘Standing-wave saturation resonances in the

CO, 10.6 p transitions observed in a low-pressure room-temperature

absorber gas,’" Appl. Phys. Leu., vol. 17, pp. 53-56 and p. 541,

1970.

[71 K. M. Evenson, ‘‘Far-infrared laser magnetic resonance,”’ Farad.
Disc. Roy. Soc. Chem., no. 71, 1981.

[8] F. R. Petersen, K. M. Evenson, D. A. Jennings, J. S. Wells, K.
Goto, and J. I. Jimenez, ‘‘Far infrared frequency synthesis with sta-
bilized CO, lasers: Accurate measurements of the water vapor and
methyl alcohol laser frequency,”” IEEE J. Quantum Electron., vol.
QE-11, pp. 838-843, 1975, see also **Correction to ‘Far infrared fre-
quency synthesis with stabilized CO, lasers: Accurate measurements
of the water vapor and methyl alcohol laser frequencies,””’ vol. QE-
12, pp. 86-87. 1976.

[4

[6

579

[9] G. Moruzzi, F. Strumia, C. Bonetti, B. Carli, F. Mencaraglia, M.
Carlotti, G. Di Lonardo, and A. Trombetti, *‘The Fourier spectrum
of CH,OH: The region between 8 and 40 cm™',”* J. Mol. Spectrosc..
vol. 105, pp. 24-52, 1984.

[10] A. Bonetti, B. Carli, M. Carlotti, G. DiLonardo, F. Mencaraglia, E.
Rossi, and A. Trombetti, ‘‘High resolution molecular spectroscopy,””
in Proc. 11th Int. Conf. IR MM Waves, Pisa, ltaly, 1986, G. Moruzzi,
Ed., pp. 232-234.

{11] L. R. Zink, K. M. Evenson, D. A. Jennings, G. Moruzzi, and M.
Inguscio, *‘Frequency measurement of the K = 6 asymmetry split-
tings in CH,OH',”” J. Mol. Spectrosc., pp. 44-50, 1988.

[12] P. Minguzzi and A. Di Lieto, ‘*Simple Padé approximations for the
width of a Voight profile,”” J. Mol. Spectrosc., vol. 109, p. 338,
1985.

[13] G. Buffa, G. Moruzzi, and O. Tarrini, ‘‘Pressure shift and broadening
in CH*OH: Effects relevant to lasing transitions,”” Infrared Phys.,
vol. 27, p. 349, 1987.

[14] G. Buffa, O. Tarrini, and M. Inguscio, *‘Predictions for collisional
broadening of far-infrared OH rotational lines of atmospheric inter-
est,”” Appl. Opt., vol. 26, p. 3066, 1987.

[15] N. M. Lawandy and G. A. Koepf, ‘‘Pressure shift in the 170-um
emission of the cw optically pumped CH,0H laser,”” Opt. Lett., vol.
5, 383 (1980).

[16] T. G. Blaney, N. R. Cross, D. J. E. Knight, G. J. Edwards, and P.
R. Pearce, J. Phys. D: Appl. Phys.. ‘‘Frequency measurement at 4.25
THz (70.5 pm) using a Josephson harmonic mixer and phase-lock
techniques,”” vol. 13, pp. 1365-1370, 1980.

[17] F. DeLucia and D. Skatrud, 1985, private communication.

(18] E. Arimondo, M. L. Schisano, P. B. Davies, and P. A. Hamilton,
*‘Precise vibration-rotation constants on a test molecule: The v, band
of ')CH,F,”" Infr. Phys., vol. 25, pp. 209-213, 1985, and references
therein.

119} K. M. Evenson, M. Inguscio, and D. A. Jennings, ‘‘Point contact

diode at laser frequencies,”” J. Appl. Phys., vol. 57, pp. 956-960,

1985.

M. Inguscio, N. Ioli, A. Moretti, F. Strumia, and F. D’ Amato, *‘Het-

erodyne of Optically pumped FIR molecular lasers and direct fre-

quency measurement of new lines,”” Appl. Phys. B., vol. 40, pp. 165-

169, 1986.

[20

M. Inguscio, photograph and biography not available at the time of pub-
lication.

L. R. Zink, photograph and biography not available at the time of publi-
cation.

K. M. Evenson, photograph and biography not available at the time of
publication.

D. A. Jennings, photograph and biography not available at the time of
publication.




